The low-temperature phase diagram of bulk Co-Pt is studied with a high-throughput ab-initio method. Global, hcp-, and fcc-restricted convex hulls are constructed to evaluate stable and metastable phases. It is found that fcc-L1 0 is energetically degenerate with hcp-B19. Both structures are unstable with respect to phase decomposition into hcp-D0 19 $fcc-b 2 at low temperature. Furthermore, L1 0 is an adaptive structure on the fcc-restricted convex hull which relates to the low energies of antiphase boundaries. Fcc-L1 2 is energetically degenerate with fcc-D0 23 for both Co 3 Pt and CoPt 3 . L1 2 -Co 3 Pt and L1 0 -CoPt belong to the fcc-restricted convex hull. They might stabilize above the Co hcp/fcc transition and remain kinetically frozen below. L1 2 -CoPt 3 is energetically well above the convex hull. Its experimental observation may result from yet unexplained finite-temperature effects. Current interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] in Fe-Pt and Co-Pt nano-objects with high magnetic anisotropy lies in their possible applications as high-density magnetic storage media. The detailed knowledge of Fe-Pt and Co-Pt phase diagrams is of fundamental importance since even the nanoscale structures are dominated by the bulk phase diagrams.
The low-temperature phase diagram of bulk Co-Pt is studied with a high-throughput ab-initio method. Global, hcp-, and fcc-restricted convex hulls are constructed to evaluate stable and metastable phases. It is found that fcc-L1 0 is energetically degenerate with hcp-B19. Both structures are unstable with respect to phase decomposition into hcp-D0 19 $fcc-b 2 at low temperature. Furthermore, L1 0 is an adaptive structure on the fcc-restricted convex hull which relates to the low energies of antiphase boundaries. Fcc-L1 2 is energetically degenerate with fcc-D0 23 for both Co 3 Pt and CoPt 3 . L1 2 -Co 3 Pt and L1 0 -CoPt belong to the fcc-restricted convex hull. They might stabilize above the Co hcp/fcc transition and remain kinetically frozen below. L1 2 -CoPt 3 is energetically well above the convex hull. Its experimental observation may result from yet unexplained finite-temperature effects. Current interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] in Fe-Pt and Co-Pt nano-objects with high magnetic anisotropy lies in their possible applications as high-density magnetic storage media. The detailed knowledge of Fe-Pt and Co-Pt phase diagrams is of fundamental importance since even the nanoscale structures are dominated by the bulk phase diagrams. 9, [21] [22] [23] For Fe-Pt, the experimental (high-temperature) 24, 25 and ab-initio (zero-temperature) phase diagrams 26 have been studied extensively. However, in the case of Co-Pt, the experimental characterization is incomplete, 24, 25, [27] [28] [29] [30] [31] [32] and a comprehensive first-principles description has not yet been reported.
In the present letter, we analyze the low-temperature phase diagram of Co-Pt by using the high-throughput (HT) ab-initio method. [33] [34] [35] [36] [37] The search is performed over more than 200 prototypes including all the symmetrically distinct hcp-, bcc-, and fcc-based superstructures with up to four atoms per cell and additional prototypes listed in Ref. 35 . This approach has been found to be highly accurate, with reliability of up to 97%. 33 In particular, all fcc and bcc structures characterized by high-symmetry k-vectors in the Brillouin zone 38 and the eight fcc structures found as ground-or "almost" ground states in Fe-Pt and Fe-Pd (Ref. 26) are considered. The search is performed within our high-throughput AFLOW framework. [33] [34] [35] [36] [37] All the quantum mechanical energies are calculated from first-principles within the generalized gradient approximation 39 using projector augmented wave pseudopotentials, 40 as implemented in the VASP package, 41 at zero temperature and not including zero-point vibrational energy. The effect of lattice vibrations is omitted. Numerical convergence to within about $1 meV/atom is ensured by enforcing a high energy cut-off (400 eV) and dense Monkhorst-Pack k-point meshes equivalent to a (16 Â 16 Â 16) mesh for fcc conventional unit cell. All structures are considered as potential ferromagnets, and they are fully relaxed (cell shape/volume, collinear spins, and atom positions).
The results of the HT search are depicted in Figure 1 and Table I . In addition to the global ground states, we present hcp-and fcc-restricted convex hulls. 26 The global convex hull consists of hcp-(Co, D0 19 ) and fcc-structures (b 2 ,Co 2 Pt 7 , Pt 8 Ti, Pt) that appear in the Co-rich and Pt-rich regions, respectively. This correlates with the experimentally observed stability of hcp-Co (at low temperatures) and fcc-Pt, 24, 25, 27, 32 reproduced by our calculations. The deepest global ground states (i.e., those most affecting the shape of the convex hull) are hcp D0 19 and fcc b 2 .
The hcp convex hull consists of hcp-Co, D0 19 The experimental Co-Pt phase diagram includes the CoPt-L1 0 and CoPt 3 -L1 2 structures. 24, 25 Observation of Co 3 Pt-L1 2 has also been reported. 30 In our zero-temperature phase diagram, the L1 2 structure is degenerate with D0 23 for both Co 3 Pt and CoPt 3 . Moreover, L1 2 does not belong to the global convex hull at both compositions. In fact, in Co 3 Pt, hcp D0 19 is the most stable structure, 41 meV below L1 2 . At CoPt 3 composition, the tie-line b 2 $ Co 2 Pt 7 is 21 meV below L1 2 . We also find L1 2 to be less stable than the Z1 and b-like Co 3 Pt 9 structures in CoPt 3 .
It is known that Co transforms from hcp to fcc at $422 C, 24, 25 therefore, it is reasonable to conclude that L1 2 -Co 3 Pt and L1 0 -CoPt could be promoted at higher temperatures, when anharmonic contributions to the vibrational entropy stabilize fcc over hcp like in Co. 24, 25, 27, 32 Their observation at lower temperatures is possible if the fcc/hcp transition is kinetically suppressed. For all temperatures, a competition between L1 2 and D0 23 could exist. At low temperatures, the competition between fcc L1 0 and hcp B19 may be observed. Note that L1 0 and B19 form the same CoPt superlattice despite their different underlying arrangements (fcc and hcp).
A single observation of the L1 1 structure has been reported in CoPt nanometric thin films. 42 Our calculations show that L1 1 is 55 meV/atom less stable than L1 0 . This observation may, therefore, be a result of surface and high temperature effects or some peculiarities of the preparation process, which require further experimental and theoretical investigation.
The experimental observation of L1 2 -CoPt 3 (Refs. 24, 25,28-32) at high temperatures is in contrast to the theoretical predicted phase separation into b-like structures in CoPt 3 at zero temperature. Similar behavior has been reported in other systems, e.g., a deep b 2 ground state has been predicted from first-principles in Cu-Au, 43 Fe-Pt (ferromagnetic), 26 and Fe-Pd 26 in contrast to the experimental observation of L1 2 at finite temperatures. This discrepancy could be resolved by further experimental characterization or by more sophisticated high-temperature modeling, including electronic, magnetic, and vibrational degrees of freedom.
Remarkably, L1 0 has practically zero depth relative to Co 5 Pt 4 $ Co 2 Pt 3 in the fcc-restricted convex hull (Figure 1) . Therefore, we can qualify L1 0 as an "adaptive" structure. [44] [45] [46] These structures form quasicontinuous sequences, usually in narrow composition regions of stability. This adaptive character of L1 0 may promote easy structural transformations in CoPt nanoparticle cores due to external conditions and/or surface segregation.
The presence of adaptive structures is often followed by low antiphase boundary (APB) energies. 47 To verify this, we show in Figure 2 the energy of L1 0 structures with regular antiphase boundaries for CoPt and FePt. 8 At small APB distances, these energies include interactions between boundaries, while at large distances, they represent the energies of isolated APBs. These energies are considerably smaller in CoPt than in FePt, for which, it has been already concluded that APBs are not energetically favorable. 8 It was also confirmed by kinetic Monte Carlo simulation, where the number of antiphase domains was seen to decrease with increasing temperature and/or simulation time. 48 Therefore, in CoPt, we speculate that APBs could be thermodynamically acceptable. This may lead to the formation of long-period structures at finite temperatures and nonequiatomic compositions. Thus, the comparison of L1 0 characteristics in Fe-Pt (deep ground state, 26 high APB energies) and Co-Pt (shallow adaptive ground state, low APB energies) corroborates a correlation between ground state "adaptiveness" and low APB energies.
The Co 2 Pt 3 structure, which lies on the L1 0 $ b 2 tie-line in the fcc-restricted convex hull (Figure 1) , is an A 2 BAB (001) superlattice. It can be considered as periodic stacking of b 2 (A 2 B) and L1 0 (AB) regions separated by APBs. Thus, Co 2 Pt 3 and the L1 0 $b 2 phase separations at 3/5 Pt composition are energetically equivalent. This also supports a correlation between the low calculated APB energy and the adaptive character of Co 2 Pt 3 within the fccrestricted convex hull. Figure  1) . The enthalpies are determined with respect to fcc-Co and fcc-Pt ("fcc/ fcc" for fcc structures), hcp-Co and fcc-Pt ("hcp/fcc" as in Figure 1) , and hcp-Co and hcp-Pt ("hcp/hcp" for hcp structures). 45 To conclude, our study discovers unexpected features in the bulk phase diagram of Co-Pt. They suggest our current knowledge is incomplete and requires further experimental and theoretical verification. In particular, it indicates that Co-Pt would most likely not be suitable as a magnetic recording material because of the instability and adaptive character of the L1 0 structure. The obtained ab-initio data, available online in the AFLOWLIB consortium repository, 49 can be used as a basis for hcp, fcc, or hybrid cluster expansions for detailed configurational description at high temperatures, including vibrational and magnetic degrees of freedom.
